Abstract Benzo [a]pyrene (BaP) is a ubiquitously distributed environmental pollutant that induces deoxyribonucleic acid (DNA) damage. The inducible heat shock protein (HspA1A) can function as a molecular chaperone; however, its role in DNA repair remains largely unknown. In the present study, human bronchial epithelial cells (16HBE) stably transfected with plasmids carrying HspA1A gene or shRNAs against HspA1A were treated with BaP. DNA damage levels of the cells were evaluated by comet assay. Results suggest that HspA1A could protect cells against DNA damage and facilitate the decrease of DNA damage levels during the first 2 h of DNA repair. DNA repair capacity (DRC) of Benzo(a)pyrene diol epoxide (BPDE)-DNA adducts was evaluated by host cell reactivation assay in the stable 16HBE cells transfected with luciferase reporter vector PCMVluc pretreated with BPDE. Compared with control cells, cells overexpressing HspA1A showed higher DRC (p <0.01 at 10 μM BPDE and p <0.05 at 20 μM BPDE, respectively), while knockdown of HspA1A inhibited DNA repair (p <0.05 at 10 μM BPDE). Moreover, casein kinase 2 (CK2) was shown to interact with HspA1A by mass spectrometry and co-immunoprecipitation assays. The two proteins were co-localized in the cell nucleus and perinuclear region during DNA repair, and were identified by confocal laser scanning microscope. In addition, cells overexpressing HspA1A showed an increased CK2 activity after BaP treatment compared with control cells (p <0.01). Our results suggest that HspA1A facilitates DNA repair after BaP treatment. HspA1A also interacts with CK2 and enhances the kinase activities of CK2 during DNA repair.
Introduction
The need for organisms to withstand sudden stressful changes has led to the evolution of a variety of adaptive pathways including the heat shock response. The inducible heat shock protein (HspA1A) of mammalian cells is one of the most abundant heat shock protein families, and it mainly contributes to the cytoprotection against a variety of noxious events (Bukau and Horwich 1998; Lindquist and Craig 1988) .
HspA1A functions as a molecular chaperone in physiological conditions guiding protein folding (Beckmann et al. 1990 ), translocation (Chirico et al. 1988 ) and degradation (Chiang et al. 1989) . When stressful conditions prevail, HspA1A can aid the misfolded proteins to reconstitute normal threedimensional structures. HspA1A also protects cells and tissues against deoxyribonucleic acid (DNA) damage caused by a wide spectrum of stressful stimuli (Hightower 1991; Niu et al. 2006; Wu et al. 1996 Wu et al. , 2001 ). Moreover, the expression level of HspA1A is inversely correlated with DNA damage levels in lymphocytes of coke oven workers (Xiao et al. 2002) , hinting that HspA1A may be involved in DNA damage and repair.
Accumulating evidence has demonstrated the role of HspA1A in DNA repair including the base excision repair (BER) and nucleotide excision repair (NER) pathways. HspA1A can bind to human apurinic/apyrimidinic endonuclease and stimulate endonuclease activities at abasic sites (Kenny et al. 2001) . HspA1A also stimulates single-strand gap-filling by interacting with DNA polymerase beta (Mendez et al. 2003) . In heat shock treated HeLa cells, HspA1A protects cells from single-strand DNA breaks by translocating to the cell nuclei/ nucleoli and binding to XRCC1 and PARP-1 (Kotoglou et al. 2009 ). HspA1A also enhances deoxyribonucleic acid BER in human leukemic cells after ionizing radiation (Bases 2006) . DnaK, the bacterial homolog of HspA1A, maintains the properly folded state of DNA repair proteins and participates in NER (Zou et al. 1998 ). One of our previous studies also identified an increased co-localization between HspA1A and the NER proteins XPA and XPG in cell nucleus after exposure to Benzo[a]pyrene (BaP) (Yang et al. 2009 ). However, the underlying mechanism of how HspA1A facilitates DNA repair remains elusive.
To gain a global view of the biological functions that HspA1A may exert in DNA repair, stably transfected human bronchial epithelial (16HBE) cells and BaP were applied as the experimental model and stress stimulus, respectively. DNA damages caused by BaP are mainly repaired through the NER and BER pathways (Celotti et al. 1993; Fleck and Nielsen 2004) . Cellular DNA damage levels were evaluated by comet assay at different time points after BaP treatment. The DNA repair capacity (DRC) of BPDE-DNA adducts was also assessed by the modified host cell reactivation (HCR) assay (Ahn et al. 2004) in stable 16HBE cells transfected with luciferase reporter vector PCMVluc damaged by Benzo(a)pyrene diol epoxide (BPDE), one metabolite of BaP. Liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI MS) and co-immunoprecipitation (Co-IP) assays were applied to identify proteins that interacted with HspA1A. Cellular localization of the two proteins in cells after BaP exposure was evaluated by confocal laser scanning microscopy. In addition, the kinase activity of CK2 was also assessed in the stably transfected 16HBE cells during DNA repair.
Materials and methods

Cell culture and treatment
The immortalized 16HBE cell line, kindly provided by Dr. Y. Jiang (Guangzhou Medical College, China), was cultured in minimal essential medium (GIBCO, USA). HEK293 cells were kindly provided by Dr. J. Wang (Tongji Medical College, China) and cultured in Dulbecco modified Eagle medium (GIBCO). Both cells were supplemented with 10 % fetal calf serum (GIBCO) and cultured in a humidified atmosphere containing 5 % CO 2 at 37°C. 16HBE cells were exposed to BaP as previously described (Yang et al. 2007) . All experiments were conducted with cells at a logarithmic stage of growth curve.
Chemicals and plasmids
BaP and BPDE were purchased from the National Cancer Institute (NCI, USA). Lipofectamine 2000 and the plasmid PCMV-Myc were obtained from Invitrogen. The firefly luciferase reporter plasmid PCMVluc was kindly provided by Dr. Q. Wei (The University of Texas, MD Anderson Cancer Center, USA). PcDNA3.1-HspA1A , pcDNA3.1 and pcDNA3-Flag were kindly provided by Dr. X. Xiao (Central South University, China). PSilencer 2.1-U6 neo carrying shRNA against HspA1A or control shRNAs were purchased from Ambion. Full length of HspA1A was amplified from pcDNA3.1-HspA1A and subsequently in-frame cloned into pcDNA3-Flag. CK2α was amplified from the human genome and cloned into pCMV-Myc. Information about primers was shown in Supplementary Table 1.
Stable transfection
To generate cells stably expressing high or low levels of HspA1A, the immortalized 16HBE cells were transfected with pcDNA3.1, pcDNA3.1-HspA1 A, shRNA-control or shRNA-HspA1A using lipofectamine 2000 (Invitrogen). After transfection for 48 h, cells were selected with G418 (800 μg/l) for 3 weeks. The expression levels of HspA1A in the surviving colonies were analyzed by immunofluorescence microscopy and immunoblotting.
Treatment of 16HBE cells with heat shock
To better understand the accumulation or reduction of HspA1A, 16HBE cells and cells stably transfected with shRNA-HspA1A were heated at 42°C for 1 h and then recovered at 37°C for 24 h. Cells were harvested for analysis of protein levels HspA1A.
Immunofluorescence microscopy
The stably transfected 16HBE cells were fixed with acetone for 15 min, washed three times with phosphate buffered saline (PBS) and then permeabilized with 0.5 % Triton-X-100 for 15 min. Non-specific binding sites were blocked with 10 % bovine serum albumin (BSA) for 30 min at room temperature followed by an incubation with rabbit anti-HspA1A primary antibody (#SPA-812, Stressgen, Victoria, BC, Canada) at 37°C for 2 h. After three washes with PBS, cells were then incubated with goat anti-rabbit immunoglobulin G (IgG) secondary antibody conjugated with FITC (#4030-02, Southern Biotech, USA) at 37°C for 1 h. Images were analyzed by a fluorescence microscope (Olympus B-60F5, Japan).
Western blotting 16HBE cells were lysed in Triton X-100 buffer (P0013, Beyotime Institute of Biotechnology, China) with protease inhibitors. About 35 μg proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto nitrocellulose membranes. After blocking with 5 % non-fat milk for 1 h at room temperature, the membranes were incubated with mouse anti-HspA1A (#SPA-810, Stressgen) or mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, KC-5G4, KangCheng, Shanghai, China) primary antibody overnight at 4°C followed by an incubation with goat anti-mouse (#6170-05, Southern Biotech) IgG secondary antibodies conjugated with horseradish peroxidase (HRP) at room temperature for 2 h. Proteins were visualized by an enhanced chemiluminescences detection kit (Amersham Bioscience, UK).
Comet assay DNA damage levels induced by BaP exposure were detected by the alkaline comet assay as described previously (Singh et al. 1988 ). Images were analyzed by the IBM-compatible personal computer-based image analysis system IMI 1.0. DNA damage levels were expressed as Olive Tail Moment (OTM) values.
Host cell reactivation assay
Luciferase reporter plasmid PCMVluc was incubated with different doses of BPDE (0, 10, 20, 30, or 40 μM) as previously described (Ahn et al. 2004 ) to generate BPDE-DNA adducts before they were transfected into 16HBE cells. Efficient repair of the BPDE-DNA adducts can induce the expression of luciferase genes. After 48 h of transfection, the luminescent signal from the luciferase reaction was measured by the luciferase assay system (E1500, Promega, USA) and a single sample illuminometer (TD-20/20 DLReasy, Promega).
Mass spectrometry 16HBE cells were lysed in IP lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1 % SDS, 1 % NP-40, 0.5 % Sodium deoxycholate) with a mixture of protease inhibitors (2 μg/ml of leupeptin and aprotinin, and 1 mM PMSF) on ice for 45 min.
Cell lysates were centrifuged at 10,000×g for 10 min at 4°C, and 900 μg proteins in the supernatant were incubated with 2 μg rabbit normal IgG (#SC-2027, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C for 2 h followed by an incubation with 30 μl protein A/G-agarose beads (Stressgen) at 4°C for 1 h to pre-clear the non-specific immunocomplexes. After centrifugation for 10 min at 1000 g, the supernatants were further incubated with 2 μg rabbit anti-HspA1A primary antibody (#SPA-812, Stressgen) overnight at 4°C. The immunocomplexes were washed four times with lysis buffer after capture on protein A/G-agarose beads. The bound proteins were eluted with 1×SDS sample buffer and denatured at 95°C for 5 min. The precipitates were separated by SDS-PAGE and stained with Coomassie brilliant blue. Lane 2 proteins (Fig. 3a) were analyzed by LC-ESI MS at the Research Centre for Proteome Analysis (RCPA, Chinese Academy of Sciences in Shanghai) as described previously (He et al. 2005 ).
Co-immunoprecipitation
The pre-clearance of non-specific immunocomplexes was performed using rabbit normal IgG (#SC-2027, Santa Cruz Biotechnology) or goat normal IgG (A7007, Beyotime Institute of Biotechnology). Immunoprecipitation was conducted using 2 μg rabbit normal IgG, 2 μg rabbit antiHspA1A antibody (#SPA-812, Stressgen) or 2 μg goat anti-CK2 antibody (sc-6479, Santa Cruz Biotechnology) respectively. Beads were washed and detected with mouse anti-HspA1A (#SPA-810, Stressgen) or goat anti-CK2 (sc-6479, Santa Cruz Biotechnology) primary antibodies followed by an incubation with the goat anti-mouse (#6170-05, Southern Biotech) or rabbit anti-goat (#6160-05, Southern Biotech) IgG secondary antibody conjugated with HRP. The rabbit normal IgG, mouse anti-Myc (AB103, Tiangen Biotech, China) and rabbit anti-Flag (#2368, Cell Signaling Technology, USA) primary antibody were applied in the exogenous Co-IP assay. The bound proteins were detected by immunoblotting using the rabbit anti-Flag or mouse anti-Myc primary antibodies, respectively.
Confocal laser scanning microscopy
Cells grown on cover slips were fixed in acetone for 15 min at room temperature. After wash, they were permeabilized and blocked in buffer containing 0.5 % Triton X-100 and 10 % BSA for 30 min. Cells were subsequently incubated with rabbit anti-HspA1A antibody (#SPA-812, Stressgen) and goat anti-CK2 primary antibody (sc-6479, Santa Cruz Biotechnology) overnight at 4°C, then with goat anti-rabbit IgG secondary antibody conjugated with FITC (#4030-02, Southern Biotech) and rabbit anti-goat IgG secondary antibody conjugated with Rhodamine (#6160-03, Southern Biotech). Images were analyzed on a laser-scanning confocal microscope (LSM510, Carl Zeiss, Germany).
Detection of CK2 activity
The standard assay for phosphotransferase activity of CK2 was conducted in a reaction mixture containing 20 mM TrisHCl (pH 7.5), 120 mM KCl, 10 mM MgCl2, and 100 mM [γ-32P] ATP in the presence of 1 mM synthetic peptide substrate (RRREEETEEE) in a total volume of 30 μl at 30°C. The reactions were started by the addition of 16HBE cell lysates and incubated for 15 min. The reaction was stopped after the addition of trichloroacetic acid to a final concentration of 10 %, and 10 μl of supernatant was then applied to P-81 paper. The paper was washed in 100 mM phosphoric acid and measured for the radioactivity by scintillation counting.
Statistical analysis
The difference in HspA1A protein levels, OTM values, luciferase activities, and the CK2 activities between groups of cells was examined by one-way analysis of variance. All statistical analyses were performed using SPSS 11.0 software (Statistical Package for the Social Sciences, Chicago, USA). A value of p <0.05 was considered to be significant (two-tailed).
Results
The expression levels of HspA1A in 16HBE cells after transfection Expression levels of HspA1A in the stably transfected 16HBE cells were examined by immunofluorescence microscopy and immunoblotting. Cells transfected with pcDNA3.1-HspA1A showed higher fluorescence intensity compared with the control cells, while the fluorescence intensity in shRNA-HspA1A transfected cells decreased (Fig.1a) . Quantification of the immunoblotting results demonstrated a twofold increase in HspA1A protein levels in cells transfected with pcDNA3.1-HspA1A , while the level decreased to 40-50 % in cells transfected with shRNA-HspA1A (Fig.1b, left) . No significant difference was found between pcDNA3.1, shRNA-control transfected cells and the control cells. HspA1A levels in the 16HBE cells treated with heat shock increased to about fourfold compared with the control, while no significant difference was found between the control and the HspA1A knockdown cells (Fig.1b, right) . The stably transfected 16HBE cells were treated with BaP for 2 h and recovered for 0-24 h. DNA damage levels were examined at indicated time points. Cell viabilities were above 80 % in all the cell groups (data not shown). The OTM value was significantly higher (p <0.01) in cells after knockdown of HspA1A expression compared with the control cells at 0 h, while it was significantly lower (p < 0.01) in cells overexpressing HspA1A (Fig. 2a) . Moreover, compared with the control, cells overexpressing HspA1A showed a more efficient reduction in DNA damage levels in the first 2 h (the OTM value at 2 h minus the OTM value at 0 h, p < 0.01), while the reduction efficiency is similar between the HspA1A knockdown cells and control cells at 2 h.
HspA1A facilitated removal of BPDE-DNA adducts
To investigate whether HspA1A was involved in NER, the DRC of BPDE-DNA adducts was evaluated by HCR assay. As shown in Fig.2b , the DNA repair capacities were consistently higher in cells overexpressing HspA1A compared with the corresponding control cells (p <0.01 at 10 μM BPDE; p < 0.05 at 20 μM BPDE). In contrast, knockdown of HspA1A expression led to a lower luciferase activity (p <0.05 at 10 μM BPDE). No significant difference was found among the three groups of cells at the 30 or 40 μM BPDE group.
Interaction between HspA1A and CK2
We then aimed to discover proteins that might interact with HspA1A. After immunoprecipitation with anti-HspA1A primary antibody, HspA1A (molecular weight 72 kDa) was readily detectable in the precipitates from cells with or without BaP exposure (Fig. 3a, lanes 1 and 2) . A total of 84 proteins were shown to interact with HspA1A (Supplementary Table 2 and Supplementary Fig. 1 ) during DNA repair. We focused our further study on the interaction between HspA1A and CK2, which is a pleiotropic protein relevant to DNA repair (Olsen et al. 2012) . The interaction between CK2 and HspA1A was confirmed by endogenous and exogenous Co-IP assays. As shown in Fig. 3b , CK2 was detectable in precipitates of cells without BaP treatment after IP with HspA1A antibody (middle panel). HspA1A was also detectable in precipitates of cells without BaP treatment after IP with CK2 antibody (lower panel ). Of note, the binding between HspA1A and CK2 was increased after BaP treatment (Fig. 3b) . Neither of the two proteins was detectable in the beads precipitated by normal IgG (upper panel ). FlagHspA1A was immunoprecipitated with Myc-CK2α in cells transfected with both HspA1A and CK2α, but not in cells transfected with only one of the two proteins (Fig. 3c) .
Co-localization between HspA1A and CK2 in the cell nucleus and perinuclear region after BaP treatment Sub-cellular locations of HspA1A and CK2 were analyzed in 16HBE cells with or without BaP treatment by confocal immunofluorescence microscopy. As shown in Fig. 4 , HspA1A and CK2 were homogenously distributed and overlapped at some areas in the cytoplasm (Fig. 4a, b, c) in cells without BaP treatment. After BaP treatment and recovery for 4 h, the fluorescence intensities of the two proteins in cells Fig. 2 HspA1A facilitates repair of DNA damage induced by Benzo[a]pyrene (BaP) and Benzo(a)pyrene diol epoxide (BPDE). a The 16HBE cells were treated with 16 μM BaP for 2 h and recovered for 0, 2, 4, 8 and 24 h. Results are expressed as mean ± SD from three independent experiments. **p <0.01 compared with the control at 0 h; ‡p <0.01 compared with the control in the first 2 h of repair. b The firefly luciferase reporter plasmids PCMVluc were incubated with various doses of BPDE for 3 h at room temperature before they were transfected into 16HBE cells. After 48 h of transfection, the luciferase activities of the cell lysates were analyzed. DNA repair capacity was calculated as the percentage of luciferase activity from the damaged reporter to that of the unmodified reporter. Results are expressed as mean ± SD from three independent experiments. *p <0.05, **p <0.01 compared with the corresponding control both increased (Fig. 4e, f) . Of note, the two proteins were readily detectable and overlapped at some areas in the cell nucleus and perinuclear region (Fig. 4g) . The images analyzed by differential interference contrast microscopy represented the fluorescence label-free cells (Fig. 4d, h ).
Over-expression of HspA1A enhanced CK2 activity during DNA repair HspA1A might also regulate the activity of CK2 during DNA repair. As shown in Fig. 5 , CK2 activity was increased in cells overexpressing HspA1A compared with the control cells (p <0.01). No significant difference was found between cells transfected with pcDNA3.1, shRNA-control, shRNAHspA1A, and the control cells.
Discussion
The aim of the present study was to explore the roles of HspA1A in DNA repair. We found that HspA1A could protect cells against DNA damage induced by BaP treatment and facilitate DNA repair including removal of the BPDE-DNA adducts. During DNA repair, HspA1A interacted and colocalized with CK2 in the cell nucleus and perinuclear region, and overexpression of HspA1A also enhanced the kinase activity of CK2.
The carcinogenesis of BaP depends on its ultimate metabolites BPDE and reactive oxygen species, and BaP exposure by inhalation can cause genetic damage to human lung cells. Therefore, the human bronchial epithelial cell was used as the experimental model in our study. DNA damage induced by BaP treatment can be repaired by the NER and BER pathways (Celotti et al. 1993; Fleck and Nielsen 2004) . HSPs associate with the BER enzymes and regulate their functions in HeLa cells (Mendez et al. 2000) . HspA1A also co-localizes with the NER proteins in cell nuclei after BaP exposure, such as XPA and XPG (Yang et al. 2009 ). In our study, we found that the DNA damage levels decreased most efficiently in cells overexpressing HspA1A in the first 2 h of DNA repair. BPDE-DNA adducts are mainly repaired by activation of the NER pathway (Celotti et al. 1993) , and our study provides direct evidence showing the role of HspA1A in repair of BPDE-DNA adducts by HCR assay, hinting at the involvement of HspA1A in the NER pathway. When the reporter plasmid was treated with 10 μM BPDE, HspA1A knockdown inhibited DRC of the BPDE-DNA adducts, whereas the DRC showed no significant difference between the control and HspA1A knockdown cells treated with other concentrations of BPDE. Likewise, the reduction efficiency is similar between HspA1A knockdown cells and control cells at 2 h (Fig. 2a) , which might be due to the compensation of other DNA repair enzymes involved in the DNA repair process. Alternatively, the extent of HspA1A knockdown might not be sufficient to influence the DRC in cells treated with the concentrations of BaP or BPDE we used in this study.
Nuclear transportation is a fundamental but critical mechanism regulating protein localization and function (Hood and Silver 2000; Knudsen et al. 2009 ). HspA1A translocates and accumulates in the cell nucleus under heat shock or other stressful conditions (Lepock et al. 2001; Szekely et al. 1995) . One recent study demonstrates that HspA1A can protect HeLa cells from single-strand DNA breaks by translocating to the cell nucleus and interacting with XRCC1 and PARP-1 (Kotoglou et al. 2009 ), which are two critical proteins involved in DNA repair. We found that HspA1A interacted and co-localized with CK2 in the cell nucleus and perinuclear region, implying a potential translocation of the two proteins to the cell nucleus during DNA repair. CK2 is a multifunctional protein involved in cell differentiation, proliferation, and survival (Ahmed et al. 2002; Litchfield 2003) . CK2 also targets many substrates in response to stress stimuli such as heat shock, ultraviolet radiation, hypoxia, DNA damage, and viral infections (Filhol and Cochet 2009) . DNA repair can be facilitated by CK2 through constitutively phosphorylating XRCC1 (Loizou et al. 2004; Parsons et al. 2010) and regulating the expression of Rad51 (Yata et al. 2012 ). In addition, CK2 can modulate the activity of the DNAdependent protein kinase (DNA-PK), which is a major component of the non-homologous end-joining pathway of DNA double-strand breaks repair (Olsen et al. 2010) . Moreover, we 5 High levels of HspA1A enhanced CK2 activity. The stably transfected 16HBE cells were exposed to 16 μM BaP for 2 h and recovered for 4 h. Results are expressed as mean ± SD from three independent experiments. **p <0.01 compared with the control found that CK2 activity was significantly increased during DNA repair with BaP exposure in cells overexpressing HspA1A. The recombinant heat shock protein 90 (Hsp90) also interacts with CK2 and enhances its activity in Escherichia coli (Shi et al. 1994) . No significant change in CK2 activity was found in cells transfected with shRNAHspA1A compared with the control, which may be because the extent of HspA1A knockdown in our study is not sufficient to affect the CK2 activity. Alternatively, the compensation of CK2 activities might be invoked when HspA1A expression was knocked down.
Two major limitations should be mentioned in this study. First, the effect of modulated CK2 expression or activity on DNA repair was not analyzed, although we can speculate from the existing data that HspA1A might function as an upstream regulator of CK2 in the DNA repair pathway. Second, the findings in our study need to be validated in more cell lines.
In conclusion, our study indicates that HspA1A can facilitate the repair of BaP-induced DNA damage including removal of BPDE-DNA adducts. In addition, HspA1A interacted and co-localized with CK2 in the cell nucleus and perinuclear region during DNA repair, and overexpression of HspA1A also enhanced the activity of CK2 during DNA repair after BaP treatment. Further experiments are required to demonstrate the biological relevance of the interaction between HspA1A and CK2 during DNA repair.
